Indicators in the antioxidative system of snails naturally infected with three species of trematodes (Plagiorchis elegans, Paryphostomum radiatum and Echinoparyphium aconiatum) were compared. The total antioxidative status (TAS) and activities of peroxidase (POX) and superoxide dismutase (SOD) in the haemolymph of sexually mature individuals of wild-caught Lymnaea stagnalis, maintained at 19 8 C in the laboratory, were tested. No significant differences were detected in TAS between P. radiatum snails uninfected and infected, with the exception of the 20th day. In the case of snails infected with P. elegans TAS was higher than in controls only at the beginning of the experiment, while in those infected with E. aconiatum it was always lower than in the control group. In all infected snails the activity of POX was higher than in uninfected snails. The changes in activity of SOD in the infected snails differed depending on the species of trematodes. Among the tested host -parasite systems, the survival rate of snails infected with E. aconiatum was the lowest. We suggest that the TAS of snails can be used as an indicator of trematode virulence.
INTRODUCTION
Snails often act as intermediate hosts for transmission of parasites to vertebrates and this causes serious veterinary and medical problems. Digenean trematodes are common parasites of snails. For example, _ Zbikowska (2007) detected the presence of trematode larvae in 23-65% of Lymnaea stagnalis collected from the lakes of northern and eastern Poland. Diplostomum pseudospathaceum, Echinoparyphium aconiatum, Plagiorchis elegans and Opisthioglyphe ranae were the dominant species. Infection by trematodes influences production and secretion of neurohormones, disturbs physiological homeostasis and changes the behaviour of snails (Schallig et al., 1991; Jong-Brink, Bergamin-Sassen & Soto, 2001; Hoek et al., 2005; Jong-Brink & Koene, 2005) . Somatic gigantism and fertility disturbances are the most noticeable changes. The phenomenon of gigantism may be caused by disorders of osmotic balance, by parasitic castration or by an increase in metabolic rate (Pokora, 1990; Schallig et al., 1991; Jong-Brink et al., 2001; Humiczewska & Rajski, 2005) . Changes in the biochemistry of tissues degraded by the parasite's larvae and the defensive reactions of the host are reflected in the haemolymph of the snails. In case of L. stagnalis, these involve changes in the levels of protein, carbohydrates, ionic composition, pH, pO 2 , pCO 2 and osmolality of the haemolymph, as well as in the activity of the enzymes aminotransferase, chymotrypsin, amylase and disaccharidases (Pokora et al., 1993; Dmochowska et al., 2013) .
In aerobic organisms such as snails, the increase in metabolism leads to an increase of reactive oxygen species (ROS) that are formed during cellular respiration processes (Apel & Hirt, 2004) . In pathological states, as a reaction to the infection the number of defensive cells-haemocytes-in the haemolymph of the snails increases ( _ Zbikowska, 2006; Saboor-Yaraghi, Farahnak, & Eshraghian, 2011) and they generate large volumes of ROS for defensive purposes to damage or kill the parasite's larvae (Hadas´& Stankiewicz, 1996; Mone et al., 2011) . The outcome of both those processes is the development of oxidative stress, in which production of free radicals exceeds the ability of the organism to scavenge them. Excess of ROS leads to damage of fundamental biomolecules-peroxidation of lipids, modification of amino acids in proteins and damage to nucleic acids. To prevent undesirable consequences of ROS, organisms have developed protective antioxidant mechanisms involving both enzymatic and nonenzymatic components (Sugden & Clerk, 2006) . Among the most important antioxidative enzymes are superoxide dismutase (SOD; which transforms superoxide anions into hydrogen peroxide), glutathione reductase (GR; which reduces oxidised glutathione disulphide) and the enzymes catalase (CAT), peroxidases (POX) and glutathione peroxidase (GPX), which break down H 2 O 2 . SOD and GPX constitute the first line of defence against ROS. They are also the most important antioxidative enzymes of snails (Ramos-Vasconcelos & Heres-Lima, 2003; Mahmoud & Rizk, 2004) . The second group consists of low molecular weight antioxidants such as glutathione, ascorbic acid, uric acid, cysteine, tocopherols and carotenoids (Colven & Pinnell, 1996) . The total antioxidant status (TAS) is the measure of the ability to prevent oxidation. Numerous studies on antioxidative systems in parasite-host systems have been conducted for Biomphalaria glabrata infected with schistosomes (reviewed by Humphries, 2011) . They have confirmed the role of antioxidant systems in both preventing the consequences of infection in the snails, and in protection of the parasite (Shu-Hua et al., 2002; Goodall et al., 2004; Mone et al., 2011) . Little work has been reported on the defensive reactions against ROS in other species of snails and trematodes (see Costau et al., 2009; Vorontsova et al., 2010) . For example, there is only one published study that examined the expression of SOD in L. stagnalis haemocytes exposed to sporocysts of Schistosoma mansoni (Zelck, Janje & Schneider, 2005) .
Trematode-snail interactions offer a good model for investigating the parasite-intermediate-host system. The majority of studies on biochemical relations in such systems have been conducted on experimentally infected hosts using selected genetic lines of both hosts and parasites. This approach allows more control over the experiment but, on the other hand, it differs from the conditions found in nature. Guminsky & Mishchenko (1988) observed that the level of amylase activity in the haemolymph of two Planorbarius species infected naturally by the same trematode species depended on the host species as well as the biotope from which they originated. An interesting issue was the question of whether or not the antioxidant system response in a naturally infected snail species is similar regardless of trematode species. To try answer this question we decided to analyse elements of the antioxidative system in the haemolymph of L. stagnalis infected naturally by three different species of digenean trematodes.
MATERIAL AND METHODS
Haemolymph was collected from sexually mature individuals of Lymnaea stagnalis with shell heights of 35-58 mm and widths of 15-25 mm. The animals originated from two reservoirs: those infected with Plagiorchis elegans and Echinoparyphium aconiatum from Lake Czarne near Wl
, and those infected with P. radiatum, Diplostomum pseudospathaceum and uninfected snails from Lake Gl The snails were kept in a laboratory at 198C ( _ Zbikowska, 2006). They were initially housed individually for 2 weeks in flasks with tap water, replaced twice a week and fed on fresh lettuce leaves. The presence of parasites in snails was determined once a week by a noninvasive method by placing a snail in small amount of tap water under a light source for 2-24 h ( _ Zbikowska, 2007) . Under such conditions, cercariae left their host. Digenean species were identified on the basis of morphological features, according to Nasincova (1992) and Niewiadomska, Valtonen & Siddall (1997) . Parasite-free individuals were used as controls (n ¼ 10); the others were divided into three groups (n ¼ 10), according to the diagnosed parasite species. On day 14 after the groups were separated, the first samples of haemolymph were collected using a noninvasive method ( _ Zbikowska, 2006) . Each snail was wiped and 300 ml of haemolymph were collected by puncturing the foot with a micropipette. Haemolymph was placed directly into a 1.5-ml Eppendorf tube and then centrifuged at 5000 g for 10 min at 48C. The resulting samples were frozen and stored at 2708C until analysis. Subsequent samples were taken from the same individuals every 2 d until day 22. Three independent experiments were performed. TAS was assayed using a Randox Laboratories Ltd kit according to the manufacturer's instructions. Results were calculated as Trolox equivalents per 1 ml of haemolymph.
Peroxidase activity was measured according to Chance & Maehly (1955) . The probe contained 225 ml of 0.05 M acetate buffer pH 5.6; 125 ml of 0.02 M pyrogallol; 25 ml of haemolymph and 125 ml 0.06 M hydrogen peroxide. Samples were incubated for 3 min at 308C, and the absorbance was measured at 445 nm. The enzyme activity was expressed in mmoles of product and calculated per 1 ml of haemolymph.
SOD activity was assayed using a Sigma SOD assay kit (Sigma 19160) following the manufacturer's instructions. The enzymatic activity was expressed in international units (U), and calculated per 1 ml of haemolymph (Podozasy & Wei, 1988) .
The results were analysed using the Statistica 8 software (StatSoft, Inc., Tulsa, OK, USA). ANOVA analysis with Tukey's test for unequal simple size was used to determine any statistically significant differences between groups of snails (P , 0.05).
RESULTS
The respective survival of control (uninfected) snails and those infected with Plagiorchis elegans and P. radiatum at the end of the experiment at day 22 were 100, 80 and 70%. Experiments with snails infected with Echinoparyphium aconiatum ended earlier (on day 18 when only 60% of snails were still alive), because only two or three snails survived by day 20.
The TAS of the haemolymph of uninfected snails and of those infected with P. radiatum did not differ (with one exception, day 20) (Fig. 1 ). Significant differences were recorded during the initial period of the experiments between the control and the group infected with P. elegans, in which TAS was higher. In snails infected with E. aconiatum, TAS was always significantly lower than in the controls (Fig. 1) . A trend of increasing TAS was observed in all groups during the course of the experiment, but it was only significant for the controls and those infected with P. radiatum. The increase in TAS in the control group could indicate that the laboratory conditions were in some way stressful for the snails.
The activity of POX was significantly higher in all infected groups than in the controls throughout the experiment (Fig. 2) . The fluctuations in the activity of the enzyme in the control group during the experiment were not significant. All infected groups exhibited significant reductions of POX activity on day 18; subsequently, the POX activity in snails infected with P. elegans increased, while remaining at a reduced level in the snails infected with P. radiatum.
The activity of SOD (Fig. 3) showed a less consistent pattern than that of POX. In the control group it decreased gradually, so that values on days 20 and 22 were significantly lower than earlier in the experiment. The mean activity of SOD in the control group at the end of the experiment was lower than those in snails infected with P. elegans and P. radiatum. The trends in SOD activity over time were different in each class of infected snails. SOD activity did not change significantly in snails infected with P. elegans, but in those infected with P. radiatum the activity of the enzyme increased significantly at the end of the experiment. In the case of snails infected with E. aconiatum the activity of SOD decreased significantly by day 16. The coevolutionary hypothesis of parasitism based initially on the model of Potamopyrgus antipodarum-Microphallus sp. (Dybdahl & Lively, 1998) has recently been confirmed by molecular experiments. Mone et al. (2011) investigated ROS production and the ability of haemocytes to scavenge them in systems consisting of Biomphalaria glabrata snails and Schistosoma mansoni trematodes. Some of these systems were the same as those found in nature, while others were created by experimental infection of snails with parasites which they did not encounter in the natural environment, as they originated from geographically separate locations. The results demonstrated the links between the levels of free radicals and antioxidants resulting from symmetric coevolution. Our results can be interpreted in the light of those conclusions. Furthermore, under the conditions of our studies, the survival of snails may be connected with the history of their adaptations to their own parasite-host systems (Combes, 2001) . The snails infected with E. aconiatum survived for the shortest time. It is known that E. aconiatum larvae cause extensive damage to the digestive gland and the gonads of the host ( _ Zbikowska, 2011; Huffman & Fried, 2012) and that the stress of infection by their cercariae disturbs the physiological homeostasis of the host (Vorontsova et al., 2010) .
TAS is a measure of the antioxidative defence system capacity, to which a wide range of components with antioxidant properties contribute. Especially in plasma, its value depends to a large extent on low molecular weight antioxidants (Jozanov-Stankov et al., 2009) . It is known that the concentrations of some of these change in snails infected with digenean larvae. For example, an increased concentration of vitamin C was detected in the haemolymph of infected snails (Stadnichenko et al., 1985) . Uric acid is also known to be a major component of antioxidative capacity in plasma (Jozanov-Stankov et al., 2009) . A reduction of uric acid content was found in the haemolymph of Lymnaea columella infected with Echinostoma paraensei, while the quantity of urea increased several times (Pinheiro, Maldonado, & Lanfredi, 2009) . Urea is a much weaker antioxidant than uric acid (Halliwell & Gutteridge, 1999) ; therefore, such a change of plasma composition could explain the reduction in the ability to scavenge free radicals which was observed by Vorontsova et al. (2010) and in the present study. We suggest that the lower total ability to scavenge ROS was one of the causes of the reduced lifespan of snails infected with E. aconiatum. The systems composed of L. stagnalis -P. elegans and L. stagnalis -P. radiatum seem more stable. The TAS in snails infected with P. elegans was higher on days 14 and 16 than in those uninfected, and the situation was similar during the later period (day 20) in case of snails infected with P. radiatum.
Parasitic infection is correlated with stimulation of the cellular response of the host; thus, the quantity of haemocytes in haemolymph of infected L. stagnalis increases as infection load increases ( _ Zbikowska, 2006; Saboor-Yaraghi et al., 2011) . NADPH oxidase-the membrane-bound enzyme of the stimulated haemocytes-produces large quantities of superoxide anions and hydrogen peroxide, the main types of ROS lethal to the larvae of the parasites (Zelck et al., 2005; Mone et al., 2011) . The two antioxidative enzymes investigated in this study, SOD and POX, are responsible for scavenging these anions. It is assumed that because of its stability and its ability to penetrate cell membranes, hydrogen peroxide is the main ROS that kills sporocysts of S. mansoni in B. glabrata (Mone et al., 2011) . Hydrogen peroxide is very likely to have the same role in the systems formed by other species of snails with digenean trematodes. This is supported by the very high activity of POX that decomposes hydrogen peroxide found in our study (Fig. 2) . Throughout the duration of the experiments the activity of POX was significantly higher in the haemolymph of all groups of infected snails than in those that were uninfected. The pattern of changes in the activity of SOD catalysing the conversion of superoxide anions to H 2 O 2 was highly variable depending on the trematode species in the host. In those infected with P. elegans, SOD activity remained at a relatively stable level, while in those infected with P. radiatum the initially low activity increased significantly at the end of the experiment. The situation was the opposite in the case of the snails infected with E. aconiatum, which survived for a shorter time than those infected with other species. Overall, our results lead to the tentative suggestion that the antioxidative system of L. stagnalis infected with P. elegans was more effective and stable than in case of the other parasites. This is in accordance with an earlier study by Gorman (1980) , who found that infection with P. elegans did not influence the survival of L. stagnalis. The author believed that this could be connected with the so-called 'biochemical mimesis' of the larvae of that trematode. The external covering of P. elegans sporocysts is similar to the connective tissue of the host and, consequently, it induces weaker defensive reactions from the infected individual.
Our study has shown that infection of snails by the larvae of trematodes in their natural environment, during a period of high physiological activity, caused an increase in the activity of antioxidative enzymes. These findings also support, at the molecular level, the data reviewed by _ Zbikowska (2011), showing differences in the pathogenicity caused by larvae of three digenean species in the same naturally infected host, L. stagnalis, and its variation with the survival strategy of the parasite. 
